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Syncytin is a fusogenic protein involved in the formation of the placenta] syncytiotrophoblast layer. This 
protein is encoded by the envelope gene of the ERVVVE1 proviral locus belonging to the human endogenous 
retrovirus W (HERV-W) family. The HERV-W infectious ancestor entered the primate lineage 25 to 40 million 
years ago. Although the syncytin fusion property has been clearly demonstrated, little is known about this 
cellular protein maturation process with respect to classical infectious retrovirus envelope proteins. Here we 
show that the cellular syncytin protein is synthesized as a glycosylated gPr73 precursor cleaved into two mature 
proteins, a gp50 surface subunit (SU) and a gp24 transmembrane subunit (TM). These SU and TM subunits 
are found associated as homolrimers. The intracytoplasmic tail is critical to the fusogenic phenotvpe, although 
Us cleavage requirements seem to have diverged from those of classical retroviral maturation. * 



The human endogenous retrovirus W (HERV 7 W) family is 
derived from an infectious retroviral element which entered 
the germ line 25 to 40 million years ago (5, 48). The ERVWE1 
locus was shown to be the unique copy of the whole family that 
retained a complete env open reading frame (49). We and 
others have previously demonstrated that this phylogeneti- 
cally D-typc-rclated HERV-W envelope glycoprotein (Env 
ERVWE1) (5). also named syncytin, induces in vitro cell- 
cell fusion (7, 33). This phenotype is also dependent on 
interactions with the D-type mammalian retrovirus receptor 
(RDR) (7). Several lines of evidence led us to suggest the 
physiological role of Env ERVWE1 in placenta formation. 
Firstly, Env ERVWE1 is preferentially expressed in the 
human placental syncytiotrophoblast layer (6, 7, 15). Sec- 
ondly, cellular fusion is abolished by the direct inhibition of 
Env ERVWE1 expression in primary cytotrophoblastic cells 
(15). Finally, Env ERVWE1 fusogenic activity has been 
preserved during hominoid evolution, suggesting that the 
ERVWE1 env gene has been recruited to play a role in 
placental physiology (32). 

The fusogenic form of viral envelope glycoproteins is the 
outcome of a succession of similar maturation events. The 
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current model is based on structural and functional studies of 
class I fusion proteins. These proteins include the envelopes of 
. Paramyxovirus, Influenza virus (hemagglutinin HA 2 ) (42), Filo- 
virus, Ebola virus (GP2) (50), Gamma retrovirus, Friend murine 
leukemia virus (FrMLV) (pl5E), Deltaretrovirus, Human T-cell 
leukemia virus (HTLC) (gp21) (25), Lentivirus, Human immu- 
nodeficiency virus type 1 (HIV-1) (51), and Simian immunode- 
ficiency virus (gp41). Class I fusion proteins are defined by the 
following four characteristics: the cleavage of an envelope pro- 
tein precursor (leading to surface [SU] and transmembrane 
[TM] subunits derived from the amino and carboxy ends, re- 
spectively, of the retroviral precursor), a fusion peptide located 
just next to the cleavage site, a trimeric complex association, 
and the ability to form a hairpin structure, also called a coiled 
coil, in the active fusion conformation. More precisely, fusion 
proteins are typically synthesized as glycosylated precursors in 
the lumen of the endoplasmic reticulum (ER) and then mod- 
ified by the cotranslalional addition of N-glycans to the 
polypeptidic chain and by disulfide bond formation. Next, a 
trimerization step involving a leucine zipper-like motif, 
LX,,LX 6 NX t ,LX 6 L, occurs. This motif is known to develop 
strong interactions between oligomers via the formation of a 
coiled coil structure between three TM (or TM-like) subunits 
(29, 47). While the oligomers organize as homotrimers (23), 
they are transported to the Golgi apparatus, where they un- 
dergo the last steps of the maturation process, including pro- 
teolytic cleavage (4). This cleavage occurs downstream of the 
last arginine residue of the highly conserved consensus cleav- 
age site K/R-X-K/R-R, recognized by cellular furin-like endo- 
proteases (21, 22), and gives rise to two subunits. In the case of 
the gammarctrovirus FrMLV envelopes, a disulfide bond is 
established between the disulfide-isomerase-active C<f><f>C mo- 
tif and the CX^CC motif, located on the SU and TM subunits, 
respectively (37). The mature SU-TM trimer can consequently 
reach the cell surface. During or shortly after budding of the 
viral particles, the R peptide, consisting of the 16 carboxy- 
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FIG. 1 . Organization of Env ERVWE1 and its expression in a human placental model. (A) Characteristic features. The surface (SU, 1 -317) and 
transmembrane (TM, 318-538) domains are indicated. Y. putative N-glycosylation sites (positions 169, 208, 214. 234. 242, 281, and 409) predicted 
by NetNGlyl.O (http://npsa-pbil.ibcp.fr). Gray boxes indicate the following conserved motifs: SP, signal peptide; FP, fusion peptide; LZ, leucine 
zipper-like motif; I. immunosuppressive domain; CYT, intracytoplasmkftail (471-538). 77ie hatched box indicates the membrane anchorage 
domain. Epitope sequences used for immunization are also indicated. (B) Constitutive EnvW expression in human placental trophoblast model. 
Be Wo b30 cells were induced with 50 p.M forskolin for 2 days. After induction, the cell lysates were treated with PNGase F (+) or left untreated 
( -) and then separated by SDS-10% PAGE. Blots were probed with anti-SU-EnvW and anti-TM- EnvW. Arrowheads indicate the positions of 
gPr73, gp5U SU, and gp24 'I'M. Asterisks indicate the positions of glycosylated and deglycosylated SU proteins. 



terminal residues of the intracytoplasmic tail (19). is cleaved by 
the viral protease. .Altogether, these maturation steps are es- 
sentia] for the acquisition of the envelope protein's fusogenic 
activity and therefore virion infectivity (40, 41). 

The cellular Env ERVWE1 sequence exhibits most of the 
features of retroviral proteins, as illustrated in Fig. 1A. The 
characteristic retroviral sequences are as follows, from the 
amino- to the carboxy-tcrminal end: (i) a signal peptide, (ii) a 
Cc|>d>C motif, (iii) a consensus furin cleavage site, RNKR, that 
separates the two characteristic glycoprotein domains SU and 
TM, (iv) a hydrophobic core as a putative fusion peptide, (v) a 
potential LX,,LX 6 NX 6 LX,,L leucine zipper motif, (vi) a puta- 
tive immunosuppressive domain, (vii) a CX 6 CC motif, (viii) a 
hydrophobic stretch of amino acids that are probably involved 
in glycoprotein plasma membrane anchorage, and (ix) a 69- 
amino-acid intracytoplasmic domain. The Env ERVWE1 SU 
and TM domains contain six and one predicted N-glycosylation 
sites, respectively. In this article, we demonstrate that Env 
ERVWE1 consists of gp50 SU and gp24 TM subunits, which 
were efficiently produced in a human placental choriocarci- 
noma cell line used as a model of the placental trophoblast. 
Molecular mutant analyses showed that despite 25 to 40 
millions years of evolution, the processing of the HERV-W 
envelope glycoprotein remains essentially similar to that of a 
classical (exogenous) retroviral protein. Nevertheless, the in- 
tracytoplasmic tail, which was demonstrated to be essential for 
fusion, exhibits an unusual processing mechanism that appar- 
ently has diverged from the situation found in infectious ret- 
roviruses. 

MATERIALS AND METHODS 

Cell lints. The following cell lines were used for this study. The TELCcB6 
packaging cell line (10), derived from human rhabdomyo sarcoma TE671 cells, 
expresses a nuclear localization signal-/a<v? reporter MLV vector. HeLa cells 
(human cervical carcinoma cells) were used as indicator cells in coculture assays. 



All cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen) 
supplemented with 10% fetal calf serum (Gihco) and penicillin-streptomycin at 
37°C. Be Wo h30 clone cells (human placental choriocarcinoma cell line) (52) 
were cultured in F-12K nutrient mixture (Kaighn's modification; Invitrogen) 
supplemented with 10% fetal calf scrum and penicillin-streptomycin at 37*C. 

Plasmids* DNAs encoding HERV-W envelope glycoproteins were derived by 
PCR amplification of phCMV-EnvW (clone PH74) (5, 7) and verified by DNA 
sequencing. The antisense EnvW sequence was inserted into a phCMV-G ex- 
pression plasm id and used as a control. A furin cleavage site AAAR mutant and 
a CX 6 CA mutant were obtained by use of a Ouick-Changc mutagenesis kit 
(Stratagcnc) to mutate the RNKR motif and the CX 6 CC motif in phCMV- 
EnvW. The truncated envelopes were designated SU (1-317), SU-N (1-168). and 
SU-C (169-317). Intracytoplasmic tail truncation mutants were obtained from 
the pi asm id phCMV-PH74 after the introduction of stop codons at positions 471 
(CYT-1 mutant). 486 { CYT- 16 mutant), and 501 (CYT-31 mutant). Expression 
vectors encoding the amphotropie MLV (A. 1-655) (accession no. AAA46515) 
and feline endogenous virus (RDI 14, 1-565) (accession no. CAA61093) envelope 
proteins and their R-lcss versions (AR", 1-638. and RDR~, 1-548) were derived 
from the phCMV-G expression plasmid. Chimeric envelope proteins were des- 
ignated W/R* (W1-473/A623-655), W/R~ (W1-473/A623-638), RDAV (RD1- 
516AV456-538), and AAV (A1-607AV456-53S). Envelope protein transient ex- 
pression was induced by calcium phosphate precipitation of the different 
expression plasmids in TELCcB6 cells. 

Antibodies. Polyclonal antibodies were raised against the following Env 
ERVWE1 peptides: residues 21 to 35 and 112 to 129 for rabbit anti-SU (anti- 
SU-EnvW, used at a dilution of 1:10,000 for Western blot analysis) and residues 
390 to 408 and 394 to 413 for rabbit anti-TM (anti-TM -EnvW. used at a dilution 
of 1:5,000 for Western blotting analysis). The 6A2B2 monoclonal antibody raised 
against the Env ERVWE1 cctodomain (anti-TM MAb) was previously charac- 
terized (7) and used at a dilution of 1:5,00*1 for Western bloJ analysis and 1:100 
for immunoprecipitation analysis and flow cytometry. An anti-p24 MAb, kindly- 
provided by bioMcrieux, was used at a dilution of 1:100 for immunoprecipitation 
analysis. A monoclonal anti-histidinc-tag antibody (anti-His MAb; OlAGEN) 
was used at a dilution of 1:5,000 for Western blot analysis. A monoclonal 
anti-actin antibody (anti-actin MAb: Sigma) was used at a dilution of 3 : 10,000 for 
Western blot analysis. 

Western blot analysis. Transfectcd cells were lysed in ice-cold phosphate- 
buffered saline (PBS) containing 0.5% Triton X-100 supplemented with protease 
inhibitors (1 mM Pcfabloc, 4 u-M leupeptin, and 3 u.M aprotinin). Thirty micro- 
grams of each cell lysate was denatured (0.5% sodium dodccyl sulfate [SDS|, 1% 
3-mercaptoethanol) at J00°C for 10 min and separated by SDS-10% polyacryl- 
amidc gel electrophoresis (SDS-IO'fr PAGE). After transfer, the nitrocellulose 
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membrane was saturated in Tris-bufl'crcd saline with 5% milk powder and 0.05% 
Tween 2U overnight at 4 C C. Immunnstaining was performed in the same buffer 
with 1% milk powder. Blots were developed by the use of horseradish pcroxi- 
dase-conjugated antibodies (Jackson Laboratory) together with an enhanced 
chcmilumincseencc kit (Amersham Pharmacia). 

Immunoprecipitatiun analysis. Transfectcd cells were labeled for 24 h with 
pSJeystcinc and ( "SJmcthionine (200 u,Ci per plate; specific activities of 1,075 
and 1.175 Ci/mmol. respectively; NEN) and lysed in a buffer (1% Nonidct P-40. 
50 mM Tris-HCI [pH 7.4J. 150 mM NaCI, 2 m.M EDTA) containing 1 mM 
phenylmethylsuJfony! fluoride. The envelope proteins were immunoprecipitated 
with the anti-TM MAb, with the anti-p24 MAb used as a control, for 1 h. 
Immune complexes were precipitated with protein A- and G-Scpharose beads 
and washed three times with RJPA huffcr (0.1% SDS. 0.5% dcoxycholatc, 1% 
Triton X-100. 50 mM Tris-HCI fpH 7.4], 150 mM NaCl). Immunoprecipitated 
proteins were elulcd for 5 min at !00°C in a buffer containing 100 mM Tris-HCI 
(pH 6.8), \ Tf SDS. 10% glycerol, and 5% p-mcreaptocthanol and were analyzed 
by SDS-10% PAGE. 

Flow cytometry and cell surface expression. Cells were washed in PBS and 
harvested by a 10-min incubation at 37°C with 0.02% Versenc in PBS. The cells 
(10*) were stained for 1 h at 4*C with the anti-TM MAb in PBA (PBS with 2% 
fetal calf scrum and 0.1% sodium azidc). The cells were washed once with PBA 
and then incubated with a fluorescein isothiocyanale-conjugated antibody 
(FITC- Fluorescence: DAKO). The cells were washed twice with PBA and coun- 
tcrstained with ? mM propidium iodide. The fluorescence of living cells was 
analyzed with a fluorescence-activated cell sorter (FACSCalibur; Becton Dick- 
inson). 

In vitro and in cell deglycosylation treatments, (i) PNGase F digestion. Thirty 
micrograms of whole protein extract was denatured at 100°C for 10 min. The 
sample was digested with 500 U of peptide N-glycosidasc F (PNGase F) in a 
buffer containing 5 mM sodium phosphate. pH 7.5, and \°/c N'P-40. Each reaction 
was performed in 100 u.1 at 37*C for 4 h. The samples were analyzed by SDS- 10*5r- 
PAGE, and the blot was probed with the anti-TM- En vW MAb. 

(ii) Tunicaniycin treatment. Cells were treated with 100 mg of tunicamydn 
(Calbiochem)/ml for 20 h at 37°C before protein extraction. Thirty micrograms 
of each cell lysate was separated by SDS- 10% PAGE, and the blot was probed 
with the anti-SU-EnvW MAb. 

Trans- dominant-negative interference assay. TELCcBo cells were transfectcd 
with 0.5 u.g of the wild- type HERV-W pi asm id and increasing amounts of the 
AAAR mutant plasmid (0. 0.02. 0.1. 0.5. I. 1.5, and 2 u.g). The DNA mixture was 
supplemented with a DNA carrier (up to 2.5 jig). Thirty micrograms of each cell 
lysate was separated by SDS- 10% PAGE. The blot was probed with the ami- 
TM-EnvW MAb. and samples were standardized with an anti-aetin MAb. 

Cell-cell fusion assay. Transfectcd TELCcBo cells were overlaid with HcLa 
indicator cells. Cocutturcs were stained with 5-hromo-4-chloro-3-indolyl-S-D- 
galactopyranosidc (X-Gal) for 4 h at 37°C to reveal p-galactosidasc activity and 
with May-Grunwald and Giemsa solutions (Sigma) to visualize the nuclei of the 
producer cells according to the manufacturers recommendations. Determina- 
tions of the fusion activities of the transfectcd envelope glycoproteins were 
performed after 36 h of coculture. The fusion index was defined as follows: {N - 
S)/T, where A' is the number of nuclei in syncytia, S is the number of syncytia, and 
7" is the total number of nuclei counted. The results are expressed as percentages 
of the fusion indices. 



RESULTS AND DISCUSSION 

Env ERVWE1 is synthesized as a gPr73 precursor and 
cleaved into gp50 SU and gp24 TM subunits. We studied Env 
ERVWE1 constitutive expression by using the human placen- 
ta] trophoblast Be Wo model. Two polyclonal antibodies, raised 
against Env ERVWE1 SU (anti-SU-EnvW) and Env 
ERVWE1 TM (anti-TM-EnvW), allowed the detection of a 
73-kDa Env ERVWE1 precursor (gPr73) under reducing con- 
ditions (Fig. IB). This precursor was processed into two sub- 
units, defined as a 50-kDa SU domain (gp50) and a 24-kDa 
TM domain (gp24). The Env ERVWE1 N-glycosylation pat- 
tern was studied by PNGase F digestion of the mature protein. 
This treatment reduced the Env ERVWE1 precursor's molec- 
ular mass approximately 20 kDa (Fig. JB). Assuming that each 
oligosaccharide contributes about 2.8 kDa to the molecular 
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FIG. . 2. Env ERVWE1 expression in transfected human cells. 
(A) For Western blot analysis (WB). cells transfectcd with wild-type 
HERV-W (WT) and antisense orientation (control) plasmids were 
separated by SDS-10% PAGE. Hie blots were probed with anti-SU- 
EnvW and anti-TM-EnvW. For immunoprecipitation analysis (IP), 
cells expressing the WT envelope protein were immunoprecipitated 
with the anti-TM MAb and the anti-p24 MAb (control). Immunopre- 
cipitated proteins were analyzed by SDS-10% PAGE. Arrowheads 
indicate the positions of gPr73,gp50 SU, and gp24. ITie asterisk indi- 
cates the position of the glycosylated SU protein. (B) Furin cleavage 
site mutant analysis. Cell lysates expressing WT and furin cleavage site 
mutant (AAAR) envelope proteins were separated by SDS- 10% 
PAGE and probed with anti-TM-EnvW. (C) Furin cleavage site mu- 
tant cell surface expression. Cells expressing the WT (RNKR, shaded 
area), furin cleavage site mutant (AAAR. shaded area), or antisense 
orientation (control, white area) envelope were stained with the an- 
ti-TM MAb. The cells were analyzed by flow cytometry. 



mass of the protein (55), this shift is consistent with the seven 
predicted sites. Indeed, the molecular masses of SU and TM 
shifted about 18 and 3 kDa, respectively. The single TM N- 
glycosylation site is a feature of the D-type interference group 
of retroviral envelope glycoproteins, such as the betaretrovirus 
Mason-Pfizer monkey virus (M-PMV) or gammaretrovirus ba- 
boon endogenous retrovirus (BaEV) envelope glycoproteins 
(35). Altogether, these results indicate that the overall matu- 
ration process of syncytin in a human placental trophoblast 
model is similar to the maturation of infectious retrovirus 
envelopes (12). 

In order to molecularly characterize the amino acid se- 
quences involved in the consecutive steps of the maturation 
process, we designed an experimental cellular model consisting 
of TELCeB6 cells transiently transfectcd with t'm>-carrying 
plasmids. Both polyclonal antibodies allowed the detection of 
the gPr73 precursor (Fig. 2A). The polyclonal anti-TM-EnvW 
antibody allowed the detection of gp24 species with molecular 
masses ranging from 23 to 25 kDa, which probably corre- 
sponded to processing intermediates. In addition, the gPr73 
and gp24 proteins were characterized by an immunoprecipita- 
tion assay using a monoclonal anti-TM MAb (Fig. 2 A) in 
parallel with the protein subunit determination in BeWo cells. 
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FIG. 3. Analysis of Env ERVWE1 N-J inked glycosyiation. (A) Env ERV WEI -expressing cell lysates were digested with PNGase F (+) or left 
untreated (-) and then analyzed by SDS-10% PAGE. The blot was probed with anti- TM-EnvW.'(B) N -glycosyiation pattern of the SU subunit. 
Cells transfected with the SU, SU-N, and SU-C truncated envelope proteins were treated (+) or not (-) with PNGase F. The samples were 
separated by SDS-10% PAGE, and the blot was probed with an anti-His MAb. (C) Env ERVWE1 -expressing cell lysates were treated with 
tunicaniycin (+) or left untreated ( — ) and then separated by SDS-10% PAGE. The blot was probed with anti-SU-EnvW. (D) Env ERV WEI cell 
surface expression of treated (TUN-f, shaded area) and untreated (TUN-, shaded area) cells. Antisense orientation envelope-expressing cells 
were used as a control (white area). The cells were stained with the anti-TM MAb and analyzed by flow cytometry. 



The diffuse band detected by the polyclonal anti-SU-EnvW 
MAb may represent the monomeric gp50 SU domain. The 
aspect of the band may have resulted from a heavier and more 
heterogeneous glycosyiation in these cells than in BeWo cells. 
However, due to (i) their high level of expression of the pre- 
cursor protein and (ii) their previous usage to demonstrate the 
fusogenic property (7), TELCeB6 cells transiently transfected 
with cm-based plasmids have been conserved as a model for 
studying the maturation steps of syncytin. 

To confirm that there is a specific gPr73 proteolytic cleavage 
on the consensus furin cleavage site RNKR, we designed a 
mutant in which the amino acid sequence was replaced with an 
AAAR sequence. No gp24 was detected in AAAR mutant- 
transfected cells ( Fig. 213), demonstrating the absence of cleav- 
age. A sensitive cell-cell fusion assay showed that the AAAR 
mutant was not able to promote syncytium formation, indicat- 
ing the absence of a functional envelope at the cell membrane 
(data not shown). Nevertheless, immunolabeling with the an- 
ti-TM MAb induced a fluorescence intensity shift in the 
AAAR mutant-expressing cells (Fig. 2C), demonstrating that 
this mutant protein can reach the cell surface. This mutant 
exhibited delayed kinetics of appearance on the membrane 
compared to the wild- type envelope. All of these features lead- 
ing to the nonfusogenic phenotype were strictly conserved in a 
second furin cleavage site mutant bearing a single amino acid 
mutation at position four, giving RNKT (data not shown). This 
R-to-T mutation was indeed previously shown to eliminate the 
cleavage and fusogenicity of HIV-1 and human foamy virus 
envelopes, although both mutated glycoproteins were detected 
at the cell membrane (2, 14). Altogether, these results show 
that the gPr73 proteolytic cleavage is specific for the consensus 
furin cleavage site and required for the acquisition of fusoge- 
nicity. 

Env ERVWE1 is a moderately glycosylated protein. PNGase 
F digestion of the Env ERVWE1 mature protein and a tuni- 
camycin treatment of Env ERVWEl -expressing cells con- 



firmed the number of observed N-glycosylation sites on native 
proteins in the human placental trophoblast model. The un- 
glycosylated Env ERVWEl molecule exhibited a 53-kDa mo- 
lecular mass, corresponding to gPr73 lacking seven .N-glycans 
(Fig. 3A). The unglycosylated TM subunit had a 20-kDa mo- 
lecular mass, corresponding to gp24 lacking a unique site (Fig. 
3A). PNGase F digestion analysis of SU. SU-N, and SU-G 
deletion mutants suggested that these glycosyiation sites cor- 
respond to the ones predicted by sequence analysis. The SU 
protein showed a relatively heterogenous glycosyiation pattern 
ranging from 46 to 39 kDa (Fig. 3B). PNGase F treatment 
induced a single 29-kDa band. This molecular size reduction 
was consistent with the presence of the six expected N-glyco- 
sylation sites. The SU-C protein showed a complex pattern 
consisting of 36-, 31-, 27.5-, and 24-kDa bands that may rep- 
resent various glycosyiation statuses (Fig. 3B). Nevertheless, as 
observed for the SU subunit, the deglycosylation treatment 
produced a single 15-kDa band. This result was consistent with 
the predicted localization of the six N-glycosylation sites in the 
carboxy-terminal part of SU, as observed for other retroviral 
SU domains (17, 18). This point was confirmed by the absence 
of any deglycosylation-induced molecular weight variation 
within the SU-N construct. 

env- transfected cells were treated with tunicamycin, a block- 
ing agent of the nascent protein during the early events of the 
maturation process which prevents the transfer of saccharidic 
units to the peptide chain. Western blot analysis showed that 
tunicamycin treatment induced a similar deglycosylation pat- 
tern to that observed with PNGase F treatment (Fig. 3C). 
Furthermore, a flow cytometry analysis suggested an absence 
of Env ERVWEl expression at the cell surface after tunica- 
mycin treatment (Fig. 3D). The absence of syncytium forma- 
tion in cell-cell fusion assays with tunicamycin-treated cells 
confirmed the absence of functional protein at the cell surface 
(data not shown). Altogether, these results suggest that tuni- 
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FIG. 4. Env ERVWE1 oligomerization. (A) Sequence alignment of leucine zipper-like motifs in retroviral transmembrane subunits. A 
comparison of predicted D-type (BaEV and M-PMV) and characterized C-type (Moloney MLV [MoMLV] and HTLV) sequences is shown.^a" 
and "d" residues of the heptad repeat, highlighted in dark gray and light gray, respectively, organize on the same side of the a helix. Leucine 
residues at position "a" are no nexclusively conserved and are frequently replaced with valine residues. Residues found at position i( d are nonpolar 
and hydrophobic residues. The Env ERVWE1 leucine zipper-like motif starts at position 346. (B) Env ERVWE1 oligomerization. Env ERVWE1- 
expressing cell lysates were treated ( + ) or not (-) with PNGase F and separated by SDS-10% PAGE under nonreducing conditions. The blot was 
probed with the anti-TM MAb. The arrowhead indicates oligomeric complexes composed of three TM subunits (triTM). (C) Effect of dominant- 
negative mutant on syncytium formation. Transfected cells were overlaid with HeLa indicator cells. Magnification, X40. (D) Effect of dominant- 
negative mutant on Env ERVWE1 processing. Cells were transfected with 0.5 |xg of the WT plasmid and increasing amounts of the AAAR mutant 
plasmid (0. 0.02, 0.1, 0.5. 1, 1.5, and 2 |xg). Cell lysates were separated by SDS-10% PAGE. The blot was probed with anti-TM-EnvW and 
standardized with an anti-actin MAb. 



camycin-related inhibition of the early maturation step leads to 
misfolded proteins that remain trapped in the ER (36). 

The high-mannose oligosaccharide composition of several 
viral envelope glycoproteins confers on them the ability to bind 
C-type lectin surface molecules such as DC-SIGN (dendritic 
cell-specific ICAM-grabbing nonintegrin) and L-SIGN (liver/ 
lymph-node-specific ICAIvl-3-grabbing nonintegrin, or DC- 
SIGNR). Class I fusion proteins of Lentivinis (3, 11, 38) and 
Filovims (30) and class II Hepacivims (39) envelope proteins 
have also been reported to display this property. However, this 
observation does not extend to all class I fusion proteins, as 
demonstrated by the gammaretrovirus MLV (16, 26). We 
tested whether Env ERVWE1 contained a high-mannose gly- 
can composition via its ability to bind DC-SIGN. We designed 
a DC-SIGN-specific enzyme-linked immunosorbent assay con- 
sisting of DC-SIGN-expressing HeLa cells as the capture phase 
and specific antibodies directed against the SU, SU-N, and 
SU-C recombinant proteins as the detection system. The su- 
pernatant* of all three tvzv-transfected TELCcB6 cell types 
were incubated with DC-SIGN-expressing HeLa cells, and the 



ability of each construct to bind DC-SIGN was determined by 
use of the specific antibodies (see http://www.ens-Iyon.fr 
/CNRS-bioMerieux/Retrovirology/supJ Vicheynet). Both the 
SU and SU-C proteins bound to DC-SIGN, although with 
different efficiencies, probably due to structural differences. As 
expected, the unglvcosylated SU-N domain was unable to bind 
DC-SIGN. 

These results show that the HERV-W envelope is a moder- 
ately glycosylated protein, as observed for the related gamma- 
and betaretrovirus envelopes. Conversely, HERV-W glycans, 
which are essential for proper folding and function, consist 
mainly of high-mannose N-glycans located at the carboxy ter- 
minus of the SU domain. 

Env ERVWE1 organizes as homotrimers. The gp24 trans- 
membrane subunit contains two broadly conserved retroviral 
sequences, the leucine zipper-like motif (Fig. 4A) and the 
CX 6 CC motif (Fig. 5A), which suggests that the envelope pre- 
cursor can oligomerize and that SU and TM subunits are 
covalently linked. The oligomerization status of both the en- 
velope precursor and the TM subunit was analyzed by immu- 
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FIG, 5. Env ERVWE1 conserved CX 6 CC motif. (A) Sequence 
alignment of CdxbC (SU) and CX A CC (TM) motifs. A comparison is 
shown with D-type (BaEV and M-PMV) and C-type (MoMLV and 
HTLV) sequences. Gray boxes correspond to conserved cysteine res- 
idues. (B) CXftCA mutant expression. Cells lysates expressing WT and 
CX^CA mutant envelope proteins were separated by SDS-10% PAGE 
and probed with anti-TM-EnvW. Arrowheads indicate the positions of 
gPr73 and gp24. (C) CX (i CA mutant cell surface expression. Cells 
expressing the WT (CX {i CC, shaded area), mutant (CX,,CA, shaded 
area), or antisense orientation (control, white area) envelope were 
stained with the anti-TM MAb and analyzed by flow cytometry. 



noblotting under nonreducing conditions (Fig. 4B). The mono- 
clonal anti-TM M Ab allowed the detection of several bands, of 
about 80, 140, and 200 kDa. After PNGase F treatment, the 
80-kDa band decreased about 10 kDa. Considering its molec- 
ular size and the presence of a unique N-glycan site in gp24, we 
identified this band as an oligomeric complex composed of 
three TM subunits. Higher bands in the gel seemed to be 
dimers and trimers of the Env ERVWE1 precursor, although 
the gel resolution did not permit us to make definite conclu- 
sions. Therefore, our results indicate that the Env ERVWE1 
glycoprotein is able to form homotrimers. 

To understand whether this trimerization is necessary for 
efficient Env ERVWE1 maturation, we developed a trans- 
dominant-negative interference assay by using the furin cleav- 
age site AAAR mutant. A constant amount of wild-type enve- 
lope was coexpressed with increasing amounts of the defective 
AAAR mutant. The cell -cell fusion assay showed that an in- 
crease in the AAAR mutant resulted in a simultaneous de- 
crease in syncytium formation (Fig. 4C). More precisely, a 
3-fold excess of AAAR mutant caused a substantial 10-fold 



decrease in syncytium formation. This observation led us to 
suggest that nonfunctional heterotrimers reach the cell mem- 
brane. As expected, fluoresce nee -activated cell sorting analysis 
showed the presence of Env proteins at the cell surface (data 
not shown), although we were unable to discriminate between 
AAAR mutant and wild-type proteins. Western blot analysis 
showed that an increase in the amount of AAAR mutant 
correlated with a decrease in gp24 (Fig. 4D). We hypothesize 
that the associated mutant may alter the cleavage of the native 
envelope molecules, contributing to the reduction in syncytium 
formation. Thus, the trans-dam in ant-negative interference as- 
say confirmed that Env ERVWE1 requires an accurate oligo- 
meric structure to undergo the processing pathway leading to 
fusogenicity. 

The Env ERVWE1 sequence contains a typical disulfide 
isomerase motif, CcJ>4>C, in the SU domain and a CX<-CC motif 
in the TM domain (Fig. 5A). MLV TM crystallography studies 
showed that the first two cysteines of the CX 6 CC motif can 
form a stable disulfide bond (13), leaving the third cysteine free 
to form a disulfide bond with the C<J><}>C motif. We chose to 
introduce a neutral substitution, CX 6 CA. in order to avoid 
alterations of the structure and to analyze the effect on the 
maturation process and the envelope's function. This mutation 
did not appear to affect the level of expression or the cleavage 
of the precursor protein (Fig. 5B). However, no syncytia were 
observed for the CX 6 CA"mutant in the sensitive cell-cell fusion 
assay . (data not shown), indicating that the third cysteine is 
essential for the fusogenic phenotype. Flow cytometry analysis 
showed that the CX 6 CA mutant was expressed at the cell 
surface (Fig. 5C), although with a lower apparent efficiency, 
than that of the wild-type envelope. The absence of fusion by 
the CX 6 CA mutant may. have been due to (i) a huge shedding 
of gp50 or (ii) an alteration of the sequential events leading to 
the fusogenic state of the homotrimer, e.g., an altered SU-TM 
communication or interaction. The absence of detectable sol- 
uble SU in cell culture supernatants seems to exclude shedding 
as the major cause of the CX rt CA mutant's altered fusion (data 
not shown). Thus, the CX 6 CC carboxyl cysteine mutation 
probably contributed to incorrect folding of the mutant enve- 
lope, as previously described for cysteine substitution in the 
C<$h\>C and CX r ,CC motifs of gamma- and betaretrovirus en- 
velopes (20, 46). 

The Env ERVWE1 intracytopiasmic tail is required for fu- 
sion. The retroviral protease cleavage site and R peptide re- 
gion are missing from the Env ERVWE1 69-amino-acid intra- 
cytopiasmic tail (7) without altering the constitutive fusion 
competence of Env ERVWE1. Moreover, the human genome 
does not contain any HERV-W pro genes in a favorable trans- 
lational context (34, 49). D-type and C-rype mammalian ret- 
rovirus R peptides exert a fusion inhibition effect (53, 54). R 
peptide cleavage by the retroviral protease allows the envelope 
protein to be fusion competent (9. 40, 41). These characteris- 
tics led us to question the role of the intracytopiasmic tail in 
the fusion process. Hence, we designed a tailless mutant (the 
CYT-1 mutant) (Fig. 6A). The removal of the intracytopiasmic 
tail dramatically reduced the envelope protein fusogenicity in 
the cell-cell fusion assay, as visualized by a decrease in the 
fusion index. Next, we focused on localizing the fusion deter- 
minants more precisely in the intracytopiasmic tail. We gener- 
ated truncation mutants (the CYT-16 and CYT-31 mutants) by 
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mutant envelope glycoproteins (CYT-1, CYT-16, and CYT-31) were tested in a cell-celt fusion assay. Hie results arc expressed as percentages of 
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eliminating the carboxy-terminal residues (Fig. 6B). As illus- 
trated in Fig. 6A, the deletion of half (CYT-31 mutant) or up 
to three quarters (CYT-16 mutant) of the intracytoplasmic tail 
did not affect the fusogenicity of the mutants. Therefore, no 
critical fusion determinants are located in the carboxy-terminal 
part of the protein. This observation suggested that the Env 
ERVWEl fusion determinants reside in the first 16 residues of 
the intracytoplasmic tail. Sequence alignments of the first 16 
Env ERVWEl residues (Fig. 6B) revealed the local conserva- 
tion of a predicted helical structure which is presumably in- 
volved in cell-cell fusion (45). Note that the CYT-16 fusogenic 
mutant containing the shorter tail induced the formation of 
syncytia containing up to 160 nuclei, compared to 100 nuclei 
for the wild-type envelope. An overall similar situation was 
previously described for the HTLV envelope protein, which 
did not present any defined R-related cleavage site and con- 
tained fusion determinants in the first eight residues of the 
intracytoplasmic tail (24). To precisely determine the role of 
this region in Env ERVWEl's constitutive fusogenic activity, 
we developed swapping chimeras between Env ERVWEl and 
feline endogenous retrovirus (RD114) and amphotropic MLV 
(A) envelope proteins. In a first approach, we tested whether 



the Env ERVWEl fusogenic activity could be controlled by an 
infectious retrovirus R peptide region. The Env ERVWEl 
intracytoplasmic tail was replaced with the complete (W/R+" 
mutant) or a shortened R-less version (W/R~ mutant) of the 
amphotropic MLV intracytoplasmic tail. As illustrated in Fig. 
6C, the presence of the amphotropic R peptide region restored 
fusion inhibition control to the W/R *" mutant. The fusogenicity 
of this chimera could be restored by the R peptide truncation 
(W/R " mutant). This observation is in agreement with previ- 
ously described results in which the fusogenic activities of wild- 
type gamma- and betaretrovirus envelope proteins were re- 
stored by the introduction of a stop codon after the viral 
protease cleavage site (9. 40, 41). In a second approach, we 
questioned the role of the Env ERVWEl intracytoplasmic tail 
in the cell-cell fusion regulation of infectious prototypes (Fig. 
6C). As expected, the introduction of a stop codon to wild-type 
RD114 (RDR") and A ("AR") restored the cell-cell fusion 
activities of these envelope proteins. The replacement of their 
intracytoplasmic tails with the Env ERVWEl intracytoplasmic 
tail (RDAV and A/W mutants) conferred on them a constitu- 
tive fusogenicity as high as the wild-type Env ERVWEl activity 
in the case of the RDAV chimera. Altogether, these results 
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confirm the role of the Env ERVWE1 conserved region in the 
fusion process. We suggest that the sequence from the 16th 
residue on may be a remnant of the R peptide region that has 
lost its fusion inhibition control of Env ERVWE1 fusogenicity. 
However, we cannot exclude the possibility that the Env 
ERVWEl intracytoplasmic tail has evolved to bypass the viral 
cleavage requirement or has adapted to cellular protease cleav- 
age. To date, with the various approaches developed to test 
this hypothesis, we cannot confirm the existence of either a 
cleaved Env ERVWEl or a cellular protease-defectivc cell 
line. 

Conclusion. The results presented here provide evidence 
that the syncytin/HERV- W envelope glycoprotein expressed in 
placental trophoblastic BeWo cells is synthesized as a gPr73 
precursor which is specifically cleaved at a consensus furin 
cleavage site to give rise to two mature subunits, gp50 SU and 
gp24 TM. The mature envelope protein possesses seven N- 
glycosylation sites, including one in the TM subunit which is 
essential for correct envelope protein folding and function. 
The carboxy-terminal domain of the SU subunit is mainly- 
composed of high-mannose N-giycans. as shown by its interac- 
tion with DC-SIGN. The significance of the Env ERVWEl- 
DC-SIGN interaction deserves further investigation. Thus, 
both proteins may theoretically colocalize, as suggested by the 
villous (15, 28) and extravillous (31. 43) trophoblast expression 
of syncytia versus the chorionic villus fetal capillary and ma- 
ternal decidua expression of DC/LC-SIGN molecules (44). 
Such an interaction would suggest that Env ERVWEl exhibits 
other physiological properties besides fusogenicity, e.g., an im- 
munological function. In addition, the observation that Env 
ERVWEl is associated with detergent-resistant membranes 
(sec http://www.cns-lyon.fr/CNRS-bioMerieux/Retrovirology/ 
supJVIcheynct) should be' scrutinized with regard to the risk of " 
HIV pscudotyping by syncytin (1, 27). 

For its fusion competence. Env ERVWEl is organized as a 
homotrimeric structure. The SU-TM interaction is probably 
stabilized by a covalent bond between the SU C<j>d>C motif and 
the TM CX ( -CC motif. Finally, fusion competence does not 
apparently rely on an R-like peptide cleavage but on the first 
16 residues of the intracytoplasmic tail. Constitutive fusogenic- 
ity may result from the remnant of an R peptide region that has 
lost its fusion inhibition control. This hypothesis is reinforced 
by studies of the selective pressure exerted on the env 
ERVWEl sequence (8). In fact, among all env ERVWEl se- 
quences found in the human genome, only the ERVWEl locus 
coding sequence shows a 12-hp (four-amino-acid) deletion in 
the intracytoplasmic tail, located after the first 16 conserved 
residues. This deletion modifies the potential retroviral pro- 
tease cleavage site and presumably disturbs the end of the 
helical structure (Fig. 6B). The insertion of the coding se- 
quence for these four amino acids into the Env ERVWEl 
plasmid inhibited the envelope glycoprotein fusogenic activity 
without altering its maturation process. This observation sup- 
ports the hypothesis of an infectious ancestor with an original 
R peptide fusion inhibition function (8). 

We recently demonstrated that the fusogenic activity of Env 
ERVWEl/syncytin is preserved in human polymorphic vari- 
ants and in orthologous loci of chimpanzees, gorillas, orangu- 
tans, and gibbons (32). The conservation of all of the Env gene 
features supports the synthesis, assembly, and processing of the 



envelope glycoprotein as described in this study. Hence, this 
domesticated retroviral glycoprotein represents an interesting 
and relatively simple model for further analyses of the mech- 
anisms leading to cell-cell (or possibly virus-cell) membrane 
fusion. 

ACKNOWLEDGMENTS 

We are grateful to Berlrand Bonnaud for assistance with preparing 
the manuscript and Rosy he! Drury for critical reading and editing of 
the manuscript. We also thank Pascal Leblanc for discussions. Nicole 
Batiail for obtaining the 6A2B2 and p24 monoclonal antibodies, and 
Jerome Strauss III for providing the b30 Be Wo cell line. 

This work was supported by ANRS, the European Community (LSHB- 
CT-2(X)4-(X)5242). Region Rhone-Alpes, and Fondation Mcrieux. 

REFERENCES 

1. An, D. S., Y. Xie, and I. S. Chen. 2001. Envelope gene of the human 
endogenous retrovirus HERV-W encodes a functional retrovirus envelope. 
J. Virol. 75:3488-3489. 

2. Bansal, A., K. L. Shaw, B. H. Edwards, P. A- Goepfert, and M. J. Mulligan. 
2000. Characterization of the R572T point mutant of a putative cleavage site 
in human foamy virus Env. J. Virol. 74:2949-2954. 

3. Bashirova. A. A., T. B. Geijtenbeek. G. C. van Duijnhoven. S. J. van Vlict, 
J. B. Eilering, M. P. Martin. L. Wu. T. D. Martin, N. Viehig. P. A. Knolle, 
V. N. KewalRamani, V. van Kooyk, and M. Carrington. 2001. A dendritic 
cell-specific intercellular adhesion molecule 3-grahbing noriintegrin (DC- 
SIGN)-rclated protein is highly expressed on human liver sinusoidal endo- 
thelial cells and promotes HIV-1 infection. J. Exp. Med. 193:671-678. 

4. Bedgood, R. M., and M. R. Stallcup. 1992. A novel intermediate in process- 
ing of murine leukemia virus envelope glycoproteins. Proteolytic cleavage in 
the late Golgi region. J. Biol. Chem. 267:706(^-7065. 

5. Blond, J. L., F. Beseme, L. Duret, O. Bout on. F. Bedin, H. Perron, B. 
Mandrand. and F. Mallet. 1999. Molecular characterization and placental 
expression of HERV-W. a new human endogenous retrovirus family. J. Vi- 
rol. 73:1175-1185. 

6. Blond, J. L., V. Cheynet, and F. Mallet. 2001. Biological significance of 
human endogenous retroviruses. Virologie 5:91-11 1. 

7. Blond, J. U, D. Lavillette. V. Cheynet. O. Bouton, G. Oriol, S. Chapel- 
Fernandes, B. Mandrand. F. Mallet, and F. L. Cosset. 200U. An envelope 
glycoprotein of the human endogenous retrovirus HERV-W is expressed in 
the human placenla and fuses cells expressing the- type D mammalian ret- 
rovirus receptor. J. Virol. 74:3321-3329. 

8. Bonnaud, B., O. Bouton, G. Oriol. V. Cheynet, L. Duret, and F. Mallet. 2004. 
Evidence of selection on the domesticated ERVWEl env retroviral clement 
involved in placental ion. Mol. Biol. Evol. 21:1895-1901. 

9. Brody, B. A., S. S. Rhee ? and E. Hunter. 1994. Postassembly cleavage of a 
retroviral glycoprotein cytoplasmic domain removes a necessary incorpo ra- 
tion signal and activates fusion activity. J. Virol. 68:4620-4627." 

10. Cosset, F. L.. F. J. Morling, Y. Takeucht, R. A. Weiss, M. K. L. Collins, and 
S. J. Russell. 1995. Retroviral retargeting by envelopes expressing an Ni- 
le rminal binding domain. J. Virol. 69:6314-6322. 

11. de Parseval, A., S. V. Su. J. H. Elder, and B. Lee. 2004. Specific interaction 
of feline immunodeficiency virus surface glycoprotein with human DC- 
SIGN. J. Virol. 78:2597-2600. 

12. Doms, R. W., R. A. Lamb, J. K. Rose, and A. Helenius. 1993. Folding and 
assembly of viral membrane proteins. Virology 193:545-562. 

13. Fass, D., and P. S. Kim. 1995. Dissection of a retrovirus envelope protein 
reveals structural similarity to influenza hemagglutinin. Curr. Biol 5:1^77- 
1383. 

14. Freed, E. O., D. J. Myers, and R. Risser. 1989. Mutational analysis of the 
cleavage sequence of the human immunodeficiency virus type 1 envelope 
glycoprotein precursor gp!60. .1. Virol. 63:4670-4675. 

15. Frendo, J. L., D. Olivier, V. Cheynet, J. L Blond, O. Bouton. M. Yidaud, M. 
Rabreau. D. Evain-Brion. and F. Mallet 2003. Direct involvement of 
HERV-W Env glycoprotein in human trophoblast cell fusion and differen- 
tiation. Mol. Cell. Biol. 23:3566-3574. 

16. Geijtenbeek. T. B., D. S. Kwon, R. Torcnsma, S. J. van Vliet, G. C. van 
Duijnhoven. J. Middel, I. L. Cornclisscn, H. S. Nottet, V. N. KewalRamani, 
D. R. Littman. C. G. Figdor, and Y. van Kooyk. 2000. DC-SIGN, a dendritic 
cell-specific HIV-l-bindiiiR protein that enhances trans-infection of T cells 
Cell 100:587-597. 

17. Geyer, H., R. Kempf, H. H. Schott, and R. Geyer. 1990. Glycosylation of the 
envelope glycoprotein from a polvtropic murine retrovirus in two different 
host cells. Eur. J. Biochem. 193:855-862. 

18. Geyer, R., J. Dabruwski. U. Dabrowski, D. Linder, M. Schluter, H. H. Schott, 
and S. Stirni. 1990. Oligosaccharides at individual glycosylation sites in 
glycoprotein 71 of Friend murine leukemia virus. Eur. J. Biochem. 187:95- 

no. 



Vol. 79, 2005 



SYNTHESIS, ASSEMBLY, AND PROCESSING OF SYNCYT1N 5593 



19. Green. N„ T. M. Shinnick, O. Wittc. A. Ponticelli, J. G. Sutcliffe, and R. A. 
Lerner. 1981. Sequence-specific antibodies show that maturation of Moloney 
leukemia virus envelope polvprotcin involves removal of a COOH-tcrminal 
peptide. Proc. Natl. Acad. Sci. USA 78:6023-6027. 

20. Gu, J., S. Parthasarathi, A. Varela-Echavarria, V. Ron. and J. P. Dougherty. 
1995. Mutations of conserved cysteine residues in the CWLC motif of the 
oncorcirovirus SU protein affect maturation and translocation. Virology 
206:885-393. 

21. Gu, M., J. Rappuport. and S. H. Leppla. 1995. Furin is important hut not 
essentia! for the proteolytic maturation of cp!60 of HJV-1. FEBS Lett. 
365:95-97. 

22. Hunter. E., and R. Swan Strom. 1990. Retrovirus envelope glycoproteins. 
Curr. Top. Microbiol. Immunol. 157:187-253. 

23. Kamps. C. A.. Y. C. Lin, and P. K. Wong. 1991. Oligomcrization and trans- 
port of the envelope protein of Moloney murine leukemia virus-TB and of 
isl , a ncurovirulcnt temperature-sensitive mutant of MoMuLV-TB. Virology 
184:687-694. 

24. Kim, F. J.. N. Manel. Y. Boublik, J. 1* Battini. and M. Sitbon. 2003. Human 
T-cell leukemia virus type 1 envelope-mediated syncytium formal ion can be 
activated in resistant mammalian cell lines by a carboxy-ierminai truncation 
of the envelope cytoplasmic domain. J. Virol. 77:963-969. 

25. Kobe, B., R. J. Center, B. E. Kemp, and P. Poumbourios. 1999. Crystal 
structure of human Tccll leukemia virus type 1 gp21 eclodomain crystallized 
as a maltose-binding protein chimera reveals structural evolution of retro- 
viral transmembrane proteins. Proc. Natl. Acad. Sci. USA 96:4319-4324. 

26. Kwon, U. S., G. Oregon o, N. Bitton, VV. A. Hendrickson. and D. R. Littman. 
2002. DC-SI GN-mediatcd internalization of HIV is required for trans-en- 
hancement of T cell infection. Immunity 16:135-144. 

27. Lavillette, D.. M. Marin, A. Ruggieri. F. Mallet, F.-L. Cosset, and D. Kabat. 
2002. The envelope glycoprotein of human endogenous retrovirus type W 
uses a divergent family of amino acid transporters/cell surface receptors. 
J. Virol. 76:6442-6452. 

28. Lee, X.. J. C. Keith, Jr., N. Stuinm, I. Moutsatsos, J. M. McCoy, C. P. Crum, 
D. Genes t, D. Chin, C. Ehrenfels, R. Pijnenborg, F. A. Van Assche, and S. 
Mi. 2001. Downrcgulation of placental syncytin expression and abnormal 
protein localization in prc-celampsia. Placenta 22:808-812. 

29. Li, X., B. MrDcrmott. B. Yuan, and S. P. Goff. 1996. Homomeric interactions 
between transmembrane proteins of Moloney murine leukemia virus. J. Vi- 
rol. 70:1 266- 1270. 

30. Lin, G., G. Simmons, S. Pohlmann, F. Baribaud, H. Ni, G. J. Leslie, B. S. 
Haggarty, P. Bates, D. Weissman. J. A. Hoxie, and R. W. Doms. 2003. 
Differential NMinked glycosylation of human immunodeficiency virus and 
Ebola virus envelope glycoproteins modulates interactions with DC-SIGN 
and DC-SIGNR. J. Virol. 77:1337-1346. 

31. Malassine, A., K. Handschuh, V. Tsafsaris. P. Gerbaud. V. Cheynet, G. 
Oriol. F. Mai let, and D. Evain-Brion. 2 September 2004. Expression of 
HERV-W Env glycoprotein (syncytin) in the extra villous trophoblast of first 
trimester human placenta. Placenta 10.106/j. placenta. 

32. Mallet, F., O. Bouton. S. Prudhomme, V. Cheynet, G. Oriol, B. Bonnaud, G. 
Lucotte, L. Duret. and B. Ma nd rand. 2004. The endogenous retroviral locus 
ERVWEl is a bona fide gene involved in hominoid placental physiology. 
Proc. Natl. Acad. Sci. USA 101:173 1 -1 736. 

33. Mi, S., X. Ue. X. I J. G. M. Veldman, H. Finnerty, U Racie, E. La Vail ie, X. Y. 
Tang, P. Kdouard, S. Howes, J. C. Keith, Jr., and J. M. McCoy. 2000. 
Syncytin is a captive retroviral envelope protein involved in human placental 
morphogenesis. Nature 403:785-789. 

34. Pavlicek. A., J. Paces, D. Elleder, and J. Hejnar. 2002. Processed pseudo- 
genes of human endogenous retroviruses generated by LINEs: their integra- 
tion, stability, and distribution. Genome Res. 12:391-399. 

35. Petropoulos. C. 1997. Retroviral taxonomy, protein structures, sequences, 
and genetic maps. p. 757-805. /// J. M. Coffin. S. II. Hughes, and IL E. 
Varmus (cd.). Retroviruses. Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, N.Y. 

36. Pinter, A., \V. J. Honnen, and J. S. Li. 1984. Studies with inhibitors of 
oligosaccharide processing indicate a functional role for complex sugars in 
the transport and proteolysis of Friend mink cell focus-inducing murine 
leukemia virus envelope proteins. Virology 136:196-210. 



37. Pinter. A.. R. Kopelman, Z. Li. S. C. Kayrnan, and D. A. Sanders. 1997. 
Localization of the labile disulfide bond between SU and TM of the murine 
leukemia virus envelope protein complex to a highly conserved CWLC motif 
in SU that resembles the active-site sequence of thiol-disulfide exchange 
enzymes. J. Virol. 71:8073-8077. 

38. Pohlmann, S„ E. J. Soillcux, F. Baribaud, G. J. Leslie, L S. Morris, J. 
Trowsdale. B. Lee, N. Coleman, and R. \V. Doms. 2001. DC-SIGNR, a 
DC-SIGN homologuc expressed in endothelial cells, binds to human and 
simian immunodeficiency viruses and activates infection m trans. Proc. Natl. 
Acad. Sci. USA 98:2670-2675. 

39. Pohlmann. S-, J. Zhang. F. Baribaud, Z. Chen, G. J. Leslie, G. Lin, A. 
Granelli-Pipemo, R. W. Doras, C. M. Rice, and J. A. McKeating. 2003. 
Hepatitis C virus glycoproteins interact with DC-SIGN and DC-SIGNR. 
J. Virol. 77:4070-4080. 

40. Ragheb, J. A., and W. F. Anderson. 1994. Uncoupled expression of Moloney 
murine leukemia virus envelope polypeptides SU and TM: a functional 
analysis of the role of TM domains in viral entry. J. Virol. 68:3207-3219. 

41. Rein, A., J. Mirro. J. G. Haynes, S. M. Ernst, and K. Nagashima. 1994. 
Function of the cytoplasmic domain of a retroviral transmembrane protein: 
pi5E-p2E cleavage activates the membrane fusion capability of the murine 
leukemia virus Env protein. J. Virol. 68:1773-1781. 

42. Skehel. J. J., and D. C. Wiley. 2000. Receptor binding and membrane fusion 
in virus entry: the influenza hemagglutinin. Annu. Rev. Biochcm. 69:531- 
569. 

43. Small wood. A., A. Papageorghiou. K. Nicola ides. M. K. Alley, A. Jim, G. 
Nargund, K. Ojha, S. Campbell, and S. Banerjee. 2003. Temporal regulation 
of the expression of syncytin (HERV-W), maternally imprinted PEG 10, and 
SGCE in human placenta. Biol. Reprod. 69:286-293. 

44. Soilleux, E. J., L. S. Morris, B. Lee, S. Pohlmann. J. Trowsdale, R. W. Dorns, 
and N. Coleman. 2001. Placental expression of DC-SIGN may mediate 
intrauterine vertical transmission of HIV. J. Pathol. 195:586-592. 

45. Taylor, G. M., and D. A. Sanders. 2003. Structural criteria for regulation of 
membrane fusion and virion incorporation by the murine leukemia virus TM 
cytoplasmic domain. Virology 312:295-305. 

46. Thomas, A., and M. J. Roth. 1995. Analysis of cysteine mutations on the 
transmembrane protein of Moloney murine leukemia virus. Virology 211: 
-285-289. ..." 

47. Tucker, S. P., R. V. Srinivas, and R. W. Compans. 1991 . Molecular domains 
involved in oligomerization of the Friend murine leukemia virus envelope 
glycoprotein. Virology 185:710-720. 

48. Voissct, C, A. Blancher, H. Perron, B. M and rand, F. Mallet, and G. Paran- 
hos-Baccala. 1999. Phylogeny of a novel family of human, endogenous ret- 
rovirus sequences, HERV-W. in humans and other primates. AIDS Res. 
Hum. Retrovir. 15:1529-1533. 

49. Voisset. C, O. Bouton, F. Bedin, L. Duret. B. Mandrand, F. Mallet, and G. 
Paranhos-Baccala. 2000. Chromosomal distribution and coding capacity of 
the human endogenous retrovirus HERV-W family. AIDS Res. Hum. Ret- 
rovir. J 6:73 J -740. 

50. Weissenhorn, W., A. Carfi, K. H. Lee, J. J, Skehel, and D. C. Wiley. 1998. 
Crystal structure of the Ebola virus membrane fusion subunit. GP2, from the 
envelope glycoprotein ectodomain. Mol. Cell 2:605-616. 

5 1 . Weissenhorn, W., A. Dessen, S. C. Harrison, J. J. Skehel, and D. C. Wiley. 
1997. Atomic structure of the ectodomain from HIV-1 gp4I. Nature 387: 
426-430. 

52. Wice, B., D. Menton, H. Geuze, and A. L. Schwartz. 1990. Modulators of 
cyclic AMP metabolism induce syncytiotrophoblast formation in vitro. Exp. 
Cell. Res. 186:306-316. 

53. Yang, C, and R. W. Compans. 1996. Analysis of the cell fusion activities of 
chimeric simian immunodeficiency virus-murine leukemia virus envelope 
proteins: inhibitory effects of the R peptide. J. Virol. 70:248-254. 

54. Yang, O, and R. W. Compans. 1997. Analysis of the murine leukemia virus 
R peptide: delineation of the molecular determinants which arc important 
for its fusion inhibition activity. J. Virol. 71:8490-8496. 

55. Zachara, N. E., R. N. Cole, and G. W. Hart. 2001. Post-translational modi- 
fications: glycosylation, p. 12-4-1-12-4-19. In J. E. Coligan, B. M. Dunn, 
D. W. Speicher. and P. T. Wingfield (ed.), Current protocols in protein 
science. Wiley Intersciencc, Brooklyn, N.Y. 



